The potential of organic electro-optic materials for large electro-optic activity and fast response to applied electric fields (leading to 100 GHz device bandwidths) is important and increasingly well-recognized. In this communication, we demonstrate how quantum and statistical mechanical calculations can be used to guide the systematic improvement of both molecular first hyperpolarizability ( ) and macroscopic electro-optic activity (r). Femtosecond time-resolved, wavelength-agile Hyper-Rayleigh Scattering (HRS) measurements have been used to measure values relative to chloroform and to avoid confusion associated with two photon contributions. Electro-optic coefficients have been characterized by simple reflection (Teng-Man method), attenuated total reflection (ATR), and Mach Zehnder interferometry. "Constant bias" modifications of these techniques have been used to permit investigation of optimized poling conditions. Organic electro-optic materials also afford unique advantages for the fabrication of conformal and flexible devices, for the integration of disparate materials, and for exploitation of novel manufacturing technologies such as soft lithography. Both stripline and ring microresonator structures have been fabricated by soft lithography. The integration of organic electro-optic materials with silicon photonics (both split ring microresonators and photonic bandgap circuitry) has been demonstrated.
INTRODUCTION
Polymeric electro-optic (EO) materials have been used for more than a decade to fabricate waveguide photonic devices. [1] [2] [3] Such devices afford significant advantage over devices based on inorganic materials (such as lithium niobate) for high speed/broad bandwidth operation. [1] [2] [3] [4] [5] Low dielectric constants, low dispersion, and fast electronic response, associated with the -electrons of organic materials, permit high frequency operation, including over the full W band (75-110 GHz) range. [1] [2] [3] [4] [5] Recently, new chromophore design paradigms based on quantum and statistical mechanical calculations have facilitated development of polymeric/macromolecular (including dendritic) materials characterized by electro-optic coefficients in the range 50-150 pm/V (at telecommunication wavelengths of 1.3 and 1.55 microns). [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Such electro-optic coefficients lead to material figures of merit (n 3 r/ where n is index of refraction, r is electro-optic coefficient, and is dielectric constant) values of greater than 75-150 pm/V compared to a value of 8.7 pm/V for lithium niobate. Polymeric materials have permitted simple push-pull Mach Zehnder interferometers to be fabricated that operate with drive (halfwave) voltage requirements of less than 1 volt. 15 Another distinct advantage of polymeric electro-optic materials, that has been convincingly demonstrated recently, is that of processability and ease of integration with very large scale integration (VLSI) semiconductor electronics and silica fiber optics. 2, [16] [17] [18] [19] Three-dimensional (3D) electro-optic circuitry has been fabricated and indeed fabricated on top of VLSI wafers. 2, [16] [17] [18] [19] 3D (vertical slope) fabrication techniques have also been employed to produce electro-optic wedges (analogous to in-line fiber modulator structures) on top of low optical loss transmission fibers. 2, [16] [17] [18] [19] Such structures permit low (e.g., less than 1 dB per connection) optical loss coupling of light into and out of electro-optic devices structures. Utilization of tapered transitions, wedge structures, or spherical lens has permitted total insertion loss to be reduced to values of 6 dB or less. Such values are approaching those obtained for lithium niobate devices but lithium niobate can always be expected to afford an advantage of lower material and device insertion loss. With lithium niobate, material loss is insignificant and insertion loss is limited by index matching rather than mode size matching. More recently, demonstrated advantages of organic electro-optic materials include the ability to fabricate conformal and flexible devices 20 and to fabricate devices using techniques such as soft lithography 21 . Organic electro-optic materials have also been incorporated into silicon photonic materials to achieve active control in circuits and device structures of reduced dimensions. 22 Exploiting the processability of organic electro-optic materials, a variety of prototype devices based on stripline, cascaded prism, and microresonator electrode structures have been recently fabricated. 2, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] While recent advances have revitalized interest in organic electro-optic materials, a number of issues must be addressed before broad commercialization of these materials is viable. The first issue that must be faced is that of actually exploiting the exceptional operational bandwidths that are afforded by the fast -electron response of organic electro-optic materials. In point of fact, the operational bandwidth of devices will be limited by metal electrode structures and by electrical connectors. 4, 5 Realization of performance bandwidths above 100 GHz typically involves novel engineering of such structures or use of heterodyne techniques that lead to high effective data handling rates while avoiding sending high frequency signals through electrical circuitry. 4, 5 The second issue relates to drive voltage requirements that are actually required for the practical utilization of electro-optic devices.
For analog telecommunication signals, one is concerned with lossless (transparent) telecommunication links and with high dynamic range. The noise floor defines dynamic range. Noise associated with the transduction of electrical to optical signals is related to the square of drive voltage (Noise Figure, NF , is proportional to V 2 ); thus, the smallest possible drive voltage is desired. Link gain (the ratio of output to input electrical signal in electrical-optical-electrical signal transduction) is proportional to 1/ V 2 . For lossless (transparent) signal transduction, a drive (V ) voltage of less than 0.5 volts is typically required. Even lower drive voltages are desired to achieve "gain" in the signal transduction process. For digital signals, low V electro-optic modulators are necessary to avoid costly digital amplifiers, which also limit bandwidth. The fastest electronic digital logic families operate with voltages of less than 1 volt. Again, wide spread application of electro-optic modulators calls for devices with millivolt V requirements.
Improvement in drive voltage performance can be realized by several avenues, as can be seen from the defining relationships for device performance, e.g., for a Mach Zehnder modulator: and where is the operational wavelength, h is the drive electrode spacing, n is the index of refraction, L is the optical/electrical field interaction (device) length, is the modal overlap parameter, N is the chromophore number density in the material, is the chromophore first hyperpolarizability, f( ) is a local field factor accounting for the dielectric nature of the material hosting the chromophore, <cos
3 > is the electric field poling-induced chromophore acentric order parameter, and C = 1 or 2 depending on whether single arm or push-pull operation is pursued. Reduction in V can most reasonably be achieved by increasing , N<cos 3 >, or L and by decreasing h. <cos 3 > and are not independent as we have previously shown. [39] [40] [41] [42] [43] An increase in is typically accompanied by in some increase in dipole moment ( ), which in turn results in strong intermolecular electrostatic interactions that favor centrosymmetric chromophore order and a reduction in <cos 3 >. Note that in the presence of strong intermolecular electrostatic interactions, r (or equivalently N<cos 3 >) goes through a maximum as a function of concentration). The interdependence of these parameters must be kept in mind when designing chromophores if a net improvement in material and device performance is to be realized. Increasing can also be accompanied by a reduction in the * bandgap and an increase in optical loss at the operational wavelength of the device; this is more of a problem for operating in the 1.3 microns telecommunication band than for operation at 1.55 microns. Improvement in performance by increasing device length, L, is a viable option only for low optical loss materials. Typically, 2 or 3 cm devices are fabricated with current organic materials exhibiting waveguide loss values of approximately 1-2 dB/cm. The important performance requirement is that total insertion loss be on the order of 6 dB or less. While waveguide loss as low as 0.2 dB/cm (at 1.55 microns wavelength) has been realized for chromophore-containing dendrimer materials, such low loss values will be extremely difficult to achieve for commercial manufacture. Not only must vibrational overtone absorption associated with protons be avoided but also contributions from interband chromophore electronic absorptions must be avoided and optical loss due to scattering (associated with materials processing and device fabrication induced material inhomogeneity and waveguide surface roughness) must be minimized. Waveguide loss values in the range of 0.5-1.0 dB/cm are more realistic targets and new dendrimer materials appear to afford a reasonable route to such values. Such loss values limit device lengths to 5 cm or less. Since device length can also influence bandwidth; very long devices are also impractical from consideration of bandwidth limitations associated with electrical loss in long metal electrodes. Optical loss and optical power handling capabilities are very important factor in determining critical performance parameters such as link gain 44 and indeed the good performance characteristics of lithium niobate with respect to these material characteristics is a major factor in lithium niobate remaining competitive with organic electro-optic and inorganic electro-absorptive materials. Significant reduction in electrode spacing is unlikely with current device structures and traditionally used cladding materials; however, confinement of light by photonic bandgap structures could lead to a reduction in h. The dielectric constant of the material hosting the chromophore will also influence V through its effect on f( ) and <cos 3 >). However, the dependence is complex and magnitude of change in V that can be achieved by varying host material dielectric constant is small. This effect, like consideration of the effect of electric field strength, chromophore dipole moment, etc., must be considered using detailed theoretical analysis.
The acentric order parameter, <cos 3 >, will depend on the effective electric field felt by the chromophores during poling. We have already noted that electric fields from surrounding chromophores (at high chromophore concentrations) can act to attenuate the "effective" strength of the poling field. [39] [40] [41] [42] [43] The maximum achievable poling field will also be limited by conductivity and dielectric breakdown (as well as dielectric permittivity) of electro-optic (core) and cladding materials. Conductivity can be influenced by ionic impurities and thus by the purification of materials. These factors mandate careful consideration and control of materials design, synthesis, purification, and processing to achieve highly reproducible electro-optic activity.
Although development of strategies for utilization of the fast response (high bandwidths) of organic electrooptic materials and for further reduction in the drive voltage requirements of devices fabricated from those materials are the high profile issues to be addressed, electro-optic materials must also exhibit good thermal and photochemical stability. Even meeting the thermal and photochemical stability of competitive electro-absorptive inorganic materials may not be sufficient in light of increasing telecommunication demands for optical power handling capabilities and performance in increasingly harsh environments. As already noted, optical loss will be a continuing issue. As more sophisticated optical circuit fabrication is attempted and more advanced chip-scale integration is pursued, additional material issues will arise. Fortunately, the flexibility in design and modification of organic electro-optic materials is a significant advantage in dealing with integration and sophisticated circuit fabrication issues.
In the following sections, our primary focus will be upon providing insight into the systematic optimization of electro-optic activity utilizing theoretical guidance. There are two components to this optimization: (1) Use of quantum mechanics to maximize molecular first hyperpolarizability ( ) and (2) use of statistical mechanics to optimize the product of number density (N) and acentric order parameter (<cos 3 >), i.e., macroscopic electro-optic activity (r 33 and r 13 ). In this communication, we will also comment of various techniques for characterizing and r 33 .
THEORETICAL GUIDANCE 2
In the absence of intermolecular electronic interactions, molecular first hyperpolarizability ( ) is a molecular property and single molecule quantum mechanics can provide reasonable guidance, particularly for understanding variations of from molecule to molecule. It should, however, be kept in mind that for molecular structures particularly susceptible to pi-stacking, such as "X-shaped" chromophores . 9 , intermolecular excitonic interactions may influence both and its translation to macroscopic electro-optic activity. Even for chromophores where intermolecular interactions do not influence , the question must be asked, "How reliable are density functional theory (DFT) and intermediate neglect of differential overlap (INDO) quantum mechanical calculations for predicting "relative" values?" Since we are interested in using theory to guide the selection of chromophores (molecular structures) to be synthesized, "relative" (rather than absolute) values will be of primary interest. The comparison of theoretical and experimental values shown in Fig. 1 provides insight into the utility of DFT calculations. In Fig. 1 , we show the variation of with variation of the pi electron bridge and pi electron acceptor components for a series of ferrocenyl donor chromophores. Clearly, reasonable agreement between theory and experiment is observed. Indeed, when disagreement between theory and experiment is observed other cases, this disagreement can usually be traced to steric interactions leading to different conformations. Thus, identifying the actual conformation that the chromophore assumes is very important and molecules with small energy differences between various conformers can be problematic. The change in observed in lengthening the vinyl bridge by a thienylvinyl moiety (going from compound 1 to compound 3) is well predicted by DFT calculations as is the change observed in replacing the methyl group of the tetracyanofuran (TCF) acceptor of compound 3 with a trifluoromethyl group (compound 4). The effect of the methyl to trifluoromethyl modification is less well predicted for the short bridge chromophores (e.g., going from compound 1 to 2). In general, the ability to predict the influence of length of the pi electron bridge and the nature of the pi electron acceptor component, is observed to be quite good (at least in a qualitative sense).
Calculation of Molecular First Hyperpolarizability
In Fig. 2 , we show HRS (zero frequency or long wavelength limit) values calculated as a function of varying the acceptor component of amine donor/vinyl bridge containing chromophores. As with the ferrocenyl donor of Fig. 1 , theory predicts that will increase with replacement of the methyl group of the TCF acceptor with a trifluromethyl group. This trend has been repeatedly observed experimentally (an example will be given shortly). Replacement of the furan ring with a pyrroline ring is predicted to lead to even greater improvement. We will shortly demonstrate 
Compound
Experimental experimental verification of this theoretical prediction. In like manner, pyrrolizine acceptors have been found to lead to improved molecular hyperpolarizability. Unfortunately, pyrrolizine-based chromophores are difficult to synthesize (although we have recently succeeded in making at least one stable pyrrolizine-based chromophore). It should be noted that in this work, we discuss HRS values because we are focused on comparing theoretical results with the results of HRS experiments (described in the next section). It is the component of along the dipole moment vector that is relevant to macroscopic electro-optic activity induced by electric field poling. It is also common to report ZZZ . However, since we are interested in the variation of from compound to compound, the distinction between these different elements of is relatively unimportant for our discussion.
Experimental Characterization of Molecular First Hyperpolarizability
Two photon processes complicate the measurement of values relevant to EO activity. To discriminate against the effect of these processes, we have constructed the femtosecond time-resolved, wavelength agile (700-2000 nm) Hyper-Rayleigh Scattering (HRS) apparatus shown in Fig. 3 . In Fig. 4 , typical experimental results are shown. Attention has been focused on optimizing signal-to-noise. For high chromophores signals can be measured to nanomolar concentrations. The above apparatus permits measurements at a variety of wavelengths (e.g., 700-800 nm, 1000 nm, 1300 nm, 1550 nm, and 1900-2000 nm) over wide ranges of concentration of chromophores in reference solvents such as chloroform. In Fig. 5 , we report relative (to chloroform) HRS values determined for compound 1 and a series of compounds related to structure 10 of Fig. 2 . The increase in values in going from furan ring based acceptors to pyrroline ring based acceptors is qualitatively in agreement with the theoretical results discussed in 2.1. 
Calculation of Macroscopic Electro-Optic Activity: The Role of Chromophore Shape
The identification of TCF and TCF-CF 3 based chromophores has yielded sufficient molecular hyperpolarizability to permit the preparation of materials with macroscopic electro-optic activity exceeding that of lithium niobate. FTC and CLD type chromophores 18 have yielded electro-optic activity in the range 30-80 pm/V (at telecommunication wavelengths). The large variation of electro-optic activity with structural modifications of these chromophores (that do not alter the basic pi electron structure of the chromophore) can be understood in terms of the effect of these modifications on intermolecular electrostatic interactions (both chromophore-chromophore and chromophore-hose interactions). The theory appropriate for understanding various shaped chromophores dissolved in host polymers to form composite materials has been presented in an earlier SPIE publication 45 and will not be duplicated here. The simple conclusion of that paper was that one wants to modify the basic shape of a pi electron chromophore from prolate ellipsoidal to oblate ellipsoidal (ideally with a 2-to-1 minor-to-major axis ratio). Here we present an experimental test of those theoretical predictions. To achieve reasonably straightforward modification of chromophore shape, we focus on the bi(propylenedioxythiophene), biProDot, type bridge structure shown in Fig. 6 . This bridge structure has the advantage of permitting the waist of the chromophore to be systematically fattened including by the use of dendritic synthesis. While we have not achieved the theoretically-predicted optimum 2-to-1 minor-to-major axis ratio, the structural modifications shown in Fig. 6 lead to a factor of three improvement in electro-optic activity. The relative electro-optic activities shown in Fig. 6 were measured by the Teng-Man (simple reflection) method and thus correspond to (r 33 -r 13 ). The role of the biProDot bridge modifications in inhibiting unwanted intermolecular electrostatic interactions is illustrated both by the improvement in electro-optic activity at a given concentration (20% pi electron component of the chromophore in amorphous polycarbonate) and by the continued linearity of the concentration dependence of OLD-2 in going from 20% to 30% loading. Clearly, such structural modification is an important paradigm for the improvement of electro-optic activity. In addition to exploiting steric (nuclear repulsive interactions associated with chromophore shape) interactions inhibiting chromophore-chromophore interactions that drive centrosymmetric ordering (and crystallization), the potential functions associated with covalent bonds can be exploited. Such bond potentials are the critical ordering force in the self-assembly approach of Tobin Marks and coworkers 46 and also plays a critical role in electrically-poled multichromophore-containing dendrimers and dendronized polymers. To treat these more complicated systems, pseudoatomistic Monte Carlo and molecular dynamics methods are required. Discussion of these methods and the systems to which they relate is beyond the scope of this article. However, it can be observed that exploitation of strong covalent bond potentials can lead to greatly enhanced noncentrosymmetric order and hence electro-optic activity.
Note that the improvement in electro-optic activity in going from OLD-2 to OLD-4 can be attributed to the replacement of the TCF acceptor group with a TCF-CF 3 acceptor group leading to improved molecular first hyperpolarizability (qualitatively consistent with theory as discussed in preceding section 2.1).
Structural modifications and use of the TCF-CF 3 acceptor moiety have permitted electro-optic activity values in the range 50-150 pm/V (at telecommunication wavelengths) to be achieved. The theoretical concepts presented here would suggest that not only is another factor of two improvement (to 300 pm/V) possible but also it is probable.
Measurement of Macroscopic Electro-Optic Activity
It is useful to clarify the concept of electro-optic activity for organic materials as reported absolute values can depend on processing and measurement conditions as well as on molecular structure/function relationships. We will illustrate our discussion with some results obtained for the AJL8 chromophore of Fig. 7 . This chromophore, dissolved in amorphous polycarbonate (APC), has been investigated using simple reflection (Teng-Man), attenuated total reflection (ATR), and "constant bias" Mach Zehnder 18 test beds. A range of values have been measured with the simple reflection method with values as low as 50 pm/V being obtained. Problems with use of the Teng-Man method relate to optical loss in the indium tin oxide (ITO) electrode, to multiple reflections, and to the fact that r 33 -r 13 (rather than r 33 ) is measured. To extract r 33 from Teng-Man measurements, it is normally assumed that the ratio of r 33 to r 13 is 3. However, this ratio can vary by a factor of two (to values of 5 or even greater in special cases). It has been our past experience that TengMan measurements tend to underestimate the true r 33 . However, this observation cannot be assumed to hold for present or future materials and must be re-investigated for each new material and set of poling conditions. Attenuated total reflection (ATR) measurements on single layer thin films at 1.3 microns are difficult because of losses in ITO electrodes. We have used a single cladding layer of UV15LV or UFC170 between the EO material layer and the ITO electrode to reduce losses. Use of these cladding layers leads to r 33 values of 70 pm/V and 55 pm/V respectively for AJL8/APC. Clearly, attenuation of the poling field by the cladding layer will reduce poling efficiency and the measured electro-optic activity. This accounts for the variation observed in changing cladding materials. In a traditional Mach Zehnder device with lower UV15LV and upper UFC170 cladding layers, we measured 50 pm/V for a 20% AJL8/APC sample.
The "constant bias" Mach Zehnder interferometer 18 is attractive for defining optimum poling conditions as insitu measurements can be made as a function of poling field strength, poling temperature, and poling time. A schematic diagram of the apparatus that we used to evaluate 20% AJL8/APC samples is shown in Fig. 8 . In Fig. 9 , we illustrate the variation of V (and hence r 33 ) with poling temperature for a fixed poling (constant bias) field strength of 300 V. Even though two cladding layers are used with devices studied in this test bed, electro-optic coefficients (r 33 values) of approximately 100 pm/V are observed (see Table 1 ). The major reasons that large electro-optic coefficients are observed with the constant bias Mach Zehnder test beds are that (1) optimum poling efficiency has been systematically identified by variation of poling conditions and observation of the direct effect on V and (2) relaxation of electro-optic activity has been minimized by keeping the poling field on. Avoidance of relaxation of poling-induced electro-optic activity probably accounts for a 5-20% higher value than observed without a constant bias field. A "constant bias" version of our Teng-Man apparatus has also been constructed. Cross-sectional View Another (and more minor) reason why larger electro-optic coefficients are observed in Table 1 is that an "effective" contribution to r 33 can be expected from the electric bias field interacting with the third order nonlinear 47 and have analyzed the third order contribution, it has been insignificantly small. However, this process needs to be repeated for each new material studied using the constant bias Mach Zehnder or simple reflection test beds.
Cross-sectional View
Given problems associated with individual measurement techniques, cladding materials, and the difficulty of unambiguously defining optimum poling conditions (since actual sample temperature and effective poling field in the electro-optic material will vary from one poling station to the next depending on the details of construction), it is difficult to specify absolute electro-optic activity for a given material with high precision. For 20% AJL8/APC, the optimum r 33 value probably lies in the range 70-95 pm/V. Unless more effective cladding materials are developed, the device relevant electro-optic activity appears to be on the order of 50 pm/V. Lower poling efficiencies will, of course, lead to lower values and systematic optimization of electro-optic activity must be carried out for each poling station and method. The purity of AJL8 and APC can affect the measured r 33 value by effecting conductivity of the core and cladding materials respectively. We have observed the purity of commercial APC to vary from batch to batch. Of course, use of a different host polymer or cladding material can be expected to lead to different electro-optic coefficient values. The effect can be large as we demonstrated by switching between UV15LV and UFC170 cladding materials in our ATR measurements.
The important point to keep in mind is that electro-optic activity can be increased or decreased by choices made in materials and in the purification and handling of materials. While the largest stable electro-optic activity is the goal of device development, relative electro-optic activities defined for comparable conditions are of primary interest for development of structure/function relationships used in the design new and improved materials.
SUMMARY
Quantum mechanics can be used to guide the improvement of molecular hyperpolarizability. Factors of 2-4 improvement have been demonstrated recently and further factors of 2-4 improvement can be expected. Order of magnitude improvement will be very difficult at this stage of the development of electro-optic chromophores. Macroscopic electro-optic activity also depends on the product of chromophore number density and acentric order parameter. Statistical mechanics provides useful guidance for optimizing this product. Factors of 3 or greater improvement in final electro-optic activity can be achieved by systematic modification of chromophore shape and by the use of covalent bonds to influence chromophore ordering. Organization of densely packed electro-optic chromophores in a nearly perfect noncentrosymmetric lattice is possible if intermolecular chromophore-chromophore electrostatic interactions can be controlled. Realization of such density and order could, of course, lead to improvement of electrooptic activity by more than an order of magnitude. Such extreme density and ordering will be very difficult to achieve in practice. The type of simple modifications that we have focused on here can be expected to lead to factors of 2-8 improvement. Such improvements should permit macroscopic electro-optic activity values on the order of 300 pm/V (at telecommunication wavelengths) to be obtained. This is an order of magnitude greater than the electro-optic activity of lithium niobate.
In this communication, we have provided references to recent and important demonstrations of the processability and unique properties of organic electro-optic materials. These features may ultimately be as important as the high electro-optic activity and fast response times of organic EO materials. Organic electro-optic materials should probably be viewed as complementing (rather than replacing) lithium niobate as these materials provide quite different advantages. The novel processability of organic materials may lead to low cost, mass production of complex device structures containing many electro-optic elements.
This communication re-emphasizes the importance of identifying appropriate cladding materials as these materials will influence performance. We have focused on their influence on electro-optic activity but they can also influence optical loss, thermal stability, and photostability.
The absolute measurement of molecular first hyperpolarizability and macroscopic electro-optic activity is not trivial. We have provided some insight into the difficulty of such measurements.
